The changes in antioxidant compounds of Brassica oleracea L. var. costata DC seeds were monitored during the first twelve days of seedling development. Sprouts were screened at time intervals of two days for phenolic compounds and organic acids. The identified phenolic compounds included esters of sinapic acid with glucose, gentiobiose and kaempferol, as well as sinapoylcholine. The organic acids were oxalic, aconitic, citric, pyruvic, malic, shikimic, and fumaric acids. During germination, a depletion of phenolic compounds was observed, although no qualitative changes were seen. Among individual compounds, kaempferol, choline and glucose esters of sinapic acid showed a marked decrease between days two and six, whereas the changes in gentiobiose esters of sinapic acid were smaller. The total organic acids content increased rapidly during the first four days, with less significant variations thereafter. Malic acid, the major organic acid found in sprouts, greatly contributed to this result though oxalic, pyruvic, and fumaric acids also increased in the same manner. In contrast, aconitic, citric and shikimic acids showed decreases between days two and twelve of germination.
INTRODUCTION
The leaves and inflorescences of many Brassicaceae vegetables contribute widely to the human diet, especially in winter. Although Brassicaceae seeds can be used for human consumption as an oil (canola seeds) or mixed with some food products (e.g., bread and cake), sprouts, the germinating form of seeds, are favoured for their nutritional value and have became a familiar component in salads [1] [2] [3] . Besides, there is considerable interest in the use of Brassica sprouts for health benefits. For instance, sprouts of brocolli can be more effective than mature plants for the prevention of carcinogenesis, mutagenesis, and other forms of toxicity of electrophiles and reactive forms of oxygen [4] . Additionally, it has been reported that germination may reduce the content of anti-nutritional components in the seeds, thus making sprouts safe for the diet [5] .
Seed germination is a primary step to generate a new plant. In this process triggered by the imbibition of water, the plant embryo resumes growth after a period of quiescence [6] . The germination process implies a series of active and complex biochemical and physiological reactions, resulting in extensive changes in composition and/or morphology [7, 8] . In fact, during embryogenesis, seeds receive primary *Address correspondence to this author at the REQUIMTE/Serviço de Farmacognosia, Faculdade de Farmácia, Universidade do Porto, R. Aníbal Cunha, 164, 4050-047 Porto, Portugal; Tel: + 351 222078935; Fax: + 351 222003977; E-mail: pandrade@ff.up.pt assimilatory products from the mother plant, such as sugars and amino acids, for the synthesis of the storage products: oil (mainly triacylglycerols) and proteins [9, 10] . From the onset of germination (radicle emergence from the seed coat), this reserve is mobilized in order to support growth during early seedling development [11] [12] [13] [14] . The presence of glyoxylate cycle and -oxidation enzymes, especially abundant during post-germination growth, leads to the breakdown of storage lipids to be used directly in respiration and in the synthesis of carbohydrates [11, 15] . The incorporation of these soluble molecules at the level of citrate in the tricarboxylic acid cycle allows the growing of seedlings until photoautotrophic growth occurs. The tricarboxylic acid cycle also provides intermediates for the biosynthesis of various compounds, including amino acids, purines, pyrimidines, haem, and chlorophyll [14] .
Phenolic compounds are also involved in plant development during seed germination. In addition, phenolic compounds can also serve in plant-microbe recognition and signal transduction [16, 17] . The phenolics content of sprouts depends on seed quality and the conditions under which they grow. These include temperature, humidity, and the length of germination [18, 19] .
The major phenolic compounds found in Brassica seeds are esterified phenolic acids [20] . Phenolic choline esters are characteristic and may contribute to the bitter taste and astringency of seed products. Sinapine, the choline ester of sinapic acid, is the most abundant one in seeds of the Brassicaceae family, being considered a major anti-nutritive com-pound [2, 21] . The results obtained with B. oleracea seed extract showed that phenolics and organic acids in seeds were important as antioxidants [20] . This antioxidant potential can be especially important during germination, when oxygen demand is high [16] . Based on the antioxidant capacity exhibited by the seeds, we can speculate that the presence of these phenolic compounds and organic acids in sprouts might protect the cell from potential oxidation-induced deterioration, thus making this material a good source of antioxidant compounds for human consumption.
The Brassicaceae Arabidopsis thaliana, frequently used as a model system in genetics and plant development works, has been studied for regulation of flavonoid gene expression [22, 23] and lipid breakdown [15, 24] in seeds and germinating seedlings. Previous work with B. oleracea sprouts concerned the genetic characterization of seed germination [25, 26] , monitorization of cell cycle modifications during the first divisions of the seeds [6] , sensitivity to hypoxia [18] , and the ability of seeds produced under a drought to germinate normally [27] . Other studies have dealt with the ability of seeds to biosynthesize and incorporate erucic acid into triacylglycerols [28] and the activity and distribution of peroxidases isozymes in germinating seeds [29] . The determination of isothiocyanate and glucosinolate content in 3-day-old sprouts of broccoli, and the study of its effects as inducers of enzymes of xenobiotic metabolism in murine hepatoma cells was also carried out [4] .
This work is an attempt to establish the relationships among primary and secondary metabolism occurring during the developmental processes of young sprouts, especially in what concerns the changes in organic acids and phenolic compounds. For this purpose, phenolic compounds and organic acids were screened by HPLC/DAD and HPLC/UV, respectively, for a twelve days germination period.
MATERIALS AND METHODS

Standards and Reagents
Oxalic, malic, shikimic and fumaric acids were purchased from Sigma (St. Louis, MO, USA). Aconitic, citric, pyruvic, ascorbic and sinapic acids and kaempferol-3-Orutinoside were from Extrasynthése (Genay, France). Hide powder was obtained from FILK (Freiberg, Germany). Methanol and acetic acid were obtained from Merck (Darmstadt, Germany) and sulphuric acid from Pronalab (Lisboa, Portugal). The water was treated in a Milli-Q water purification system (Millipore, Bedford, MA, USA).
Seeds Germination
Brassica oleracea L. var. costata DC seeds were collected in 2005 in Bragança, Northeast Portugal. Two hundred seeds were placed on 15 cm diameter Petri dishes lined with fiberglass and watered with 200 mL of distilled water to maintain approximately 100% relative humidity throughout the germination period. The seeds were germinated at 20-23.5ºC, under a 16 h-light/8 h-dark regime. A seed sample was used as control. Every 2 days, 5 plates were withdrawn, and germination counts and sprout weight were registered until twelve days of germination. For day 8 only 4 plates and for day 12 just 1 plate were considered.
The harvested sprouts were freeze-dried (Labconco 4.5 Freezone apparatus, Kansas City, MO, USA), ground and stored in a dessicator. Changes of moisture and dry solid during germination were determined after freeze-drying.
Sample Preparation
An aqueous extract was prepared as follows: ~0.5 g of the freeze-dried sprouts were boiled for 15 min in 200 mL of water and then filtered using a Büchner funnel. The resulting extract was lyophilized and kept in a dessicator in the dark. For the determination of phenolic compounds and organic acids, the lyophilized extract was redissolved in water and in sulfuric acid 0.01 M, respectively, and filtered (0.45 μm).
In order to assess possible interferences in the HPLC analysis of phenolic compounds, an analysis of tannins was performed, by treatment with hide powder: 250 μL of redissolved aqueous extract (50 mg/mL) were thoroughly mixed with 2.5 mg hide powder for 1 h and then filtered (0.45 μm).
HPLC-DAD Analysis of Phenolic Compounds
The analysis of phenolic compounds was carried out as reported previously [20] using HPLC (Gilson) and a RP-18 LiChroCART (Merck, Darmstadt, Germany) column (250 x 4 mm, 5 μm particle size), protected with a 4 x 4 mm LiChroCART guard column. Elution was performed using acetic acid 1% (A) and methanol (B) as solvents, starting with 20% B and using a gradient to obtain 50% B at 30 min and 80% B at 37 min. The flow rate was 1 mL/min, and the injection volume was 20 L. UV spectra were acquired over the range 200-400 nm using a Gilson diode array detector, and chromatograms were recorded at 320 nm. The data were processed on Unipoint system Software (Gilson Medical Electronics, Villiers le Bel, France). Peak purity was checked by the software contrast facilities. The quantification of phenolic compounds was based on the absorbance in the chromatograms relative to external standards. Since standards of the compounds were not commercially available, sinapic acid derivatives were quantified as sinapic acid and the kaempferol derivatives as kaempferol-3-O-rutinoside.
HPLC-UV Analysis of Organic Acids
The separation of the organic acids was carried out as previously reported [30] , in a system consisted of an analytical HPLC unit (Gilson) with an ion exclusion column, Nucleogel Ion 300 OA (300 7.7 mm) (Macherey-Nagel, Düren, Germany) in conjunction with a column heating device set at 30°C. Briefly, elution was carried out isocratically at a solvent flow rate of 0.2 mL/min, with 0.01 M sulfuric acid. UV detection was used at 214 nm. Organic acids quantification was based on the absorbance recorded in the chromatograms relative to external standards.
Data Analysis
For organic acids and phenolic compounds quantitation, triplicate experiments were conducted, and the results are presented as mean ± standard deviation. ANOVA followed by Newman-Keuls test (p < 0.05) was used to analyse the differences between germination days for phenolic compounds and organic acids.
RESULTS AND DISCUSSION
Seed Viability and Dry Matter Losses During Sprouting
The environment during seed production can have a significant effect on seed performance [18] . Seeds must have 40-60% moisture content for germination to occur and begin to germinate after 24 h of imbibition [29] . On day 2, the seeds had an average moisture content of 66.0%, and 68.3% were already germinated ( Table 1) . Seed viability was generally high, reaching 81.0% after 4 days of germination. The loss of viability after this period can be attributed to the fact that not all of the germinated seeds were successful in seedling establishment. Over the 12 days development, the sprouts fresh weight increased in a linear manner, from an average of 9.0 mg at day 2 to almost 56 mg by day 12 ( Table  1) . 
Changes in Phenolic Compounds During Sprouting
The phenolics composition of B. oleracea L. var. costata sprouts was monitored during 12 days of germination. The HLPC/DAD analysis showed the presence of 12 phenolic compounds already identified in the seeds of B. oleracea, at all germination times [20] . These compounds include five sinapoyl glucosides, four disinapoyl glucosides, one trisinapoyl glucoside, sinapoyl choline, and one kaempferol glucoside acylated with sinapic acid (Figs. 1,2) .
In the chromatogram of sprouts with 2 days of germination (Fig. 1A) , a wide hump is present ~30 min, which is characteristic of tannins. The sample treatment with hide powder was not able to remove this, indicating that tannins were not the responsible for the hump.
As it was previously shown for the seeds [20] , phenolic acids derivatives were the predominant phenolics found in the sprouts of B. oleracea ( Table 2 ). The total phenolics content of sprouts between 2 and 12 days of germination showed significant quantitative changes (Fig. 3) : the phenolic compounds were depleted throughout the germination period, having a marked decrease between days 2 and 6. The total amount decreased 85%, from ~11.1 g/kg in sprouts with 2 days to ~1.6 mg/kg in sprouts with 12 days of germination. The decrease in phenolic compounds can be explained by its utilisation for cell wall biosynthesis and as antioxidants [16] [17] 23] . Some losses in phenolics can also be explained by the leaching of the water-soluble free phenolic acids upon the imbibition of dry seeds [19] .
A seed sample was analysed along with the sprouts to serve as a control. Even though this sample was previously characterised [20] , seed quality continues to increase after physiological maturity, with possible changes in phenolic composition during storage time [7, 27] . The amount of phenolic compounds in seeds was ~9.0 g/kg ( Table 2) , which included 489 mg/kg of kaempferol 3,7-diglucoside-4'-(sinapoyl)-glucoside, a compound with a retention time of 28.5 min, not detected in the sprouts (data not shown). This amount is lower than the average amount found in sprouts with 2 days of germination, although the difference is not significant (Fig. 3) .
In what concerns the individual compounds, the glucose esters of sinapic acid showed a significant decrease during the germination period, especially relevant between days 2 and 6 of germination (Fig. 4) . In fact, until the 12th day of germination 1-sinapoylglucose isomer (2), 1-sinapoylglucose isomer (4), 1-sinapoylglucose (5) and 1,2-disinapoylglucose (12) decreased between 76 and 98% of their initial content. For kaempferol-3-(sinapoyl)sophorotrioside-7-glucoside (6) and sinapoylcholine (7) the reduction observed corresponded to 96 and 85% respectively.
The decrease of sinapoylcholine (7) in sprouts from 1.7 g/kg on day 2 to 0.3 g/kg on day 12 is a positive feature of the germination process once this compound is considered anti-nutritive [21] . This decrease in sinapoylcholine content can be ascribed to the fact that during the germination of seedlings, sinapoylcholine is hydrolysed to choline, an important substrate in the methylation cycle, and sinapic acid. As a consequence, an increase in sinapic acid would be expected through the germination. However, free phenolic acids can be polymerized for lignification and structure development on the cell walls of growing seedlings, which may explain the absence of sinapic acid.
Some gentiobiose esters of sinapic acid also decreased significantly, although these changes occurred more gradually within the germination time. Nevertheless, the depletion noticed for compounds 8 to 11, varied between 82 and 92% of the initial amount. Except for compound 8, the decrease of the gentiobiose esters of sinapic acid was <60% on day 10, which might indicate that the germinating seeds preferably use the glucose esters of sinapic acid during germination. The sinapoylgentiobiose isomers (1) and (3) displayed the smallest variations, decreasing less than 25% until the 12th day of germination.
In terms of relative amounts, the phenolic profile of the sprouts showed the presence of 4 major compounds at all of the analysed germination times: 1-sinapoylglucose (5), sinapoylcholine (7), 1,2-disinapoylgentiobiose (10) and 1,2,2'-trisinapoylgentiobiose (11) . These compounds accounted for 73 and 68% of total phenolics between days 2 and 12.
The relative amounts of 1-sinapoylglucose isomer (2) (~4%), 1-sinapoylglucose isomer (4) (~6%), 1,2-disinapoylgentiobiose isomer (9) (~2%) and sinapoylgentiobiose isomer (3) (~2%) did not change significantly throughout the germination period, but, sinapoylgentiobiose (1) increased from ~1.4% to 7.4%. On the other hand, kaempferol-3-(sinapoyl)-sophorotrioside-7-glucoside (6) and 1,2-disinapoylglucose (12) decreased from ~7.5% to 2.2% and ~6.6% to 0.7%, respectively. The 2-disinapoylgentio-biose isomer (8) was a minor compound, representing <0.5% of total phenolics.
Changes in Organic Acids During Sprouting
The screening of organic acids belonging to glycolysis, tricarboxylic acid and glyoxylate cycles showed the presence of oxalic, aconitic, citric, pyruvic, malic, shiquimic, and fumaric acids (Figs. 5,6 ). These acids were previously described in B. oleracea leaves and seeds [20, 21, 31] , with the exception of pyruvic acid that is now reported for the first time in its sprouts. The total organic acids content increased ~46% from 45.7 g/kg after 2 days of germination to 66.9 g/kg on day 12 ( Table 3 and Fig. 7) . This may be explained by the increased metabolic activity of the seeds, which rapidly resume the glycolytic and the tricarboxylic acid cycle and the -oxidation of fatty acids after germination [11, 15] .
Seeds had an amount of organic acids lower than that present in the sprouts. Ascorbic acid (retention time of 34.2 min), one of the major compounds found in the seeds (~13.3 g/kg, data not shown) was present only in vestigial amounts in the sprouts, being greatly depleted since the beginning of germination, may be due to its well known strong antioxidant effect.
Citric (3) and malic (5) acids were the major organic acids found in sprouts at all germination times ( Table 3) . Citric acid, accounting for more than 15% of the total organic acids content, decreased ~37% from day 2 to day 12 (Fig. 8) . However, despite the significant decrease between days 2 and 4 and increase between days 6 and 8, its variation during the germination period did not show a clear tendency. Malic acid increased from 27.9 g/kg (61% of the total organic acids) on day 2 to 51.6 g/kg (77% of the total organic acids) on day 12, which represents an increase of 85% along the germination period. This was the organic acid that registered the highest increase, which might indicate that besides oxidation, the glyoxylate cycle in which fatty acids are converted to sugars having malate as an intermediate product, was active [14] .
Pyruvic acid (4), which was not detected in seeds and still not quantifiable in sprouts with 2 days, represented ~4% of the total organic acids thereafter. This may be due to its production during glycolysis, as a consequence of the increased respiration rate [13] . The overall amount of oxalic acid (1) did not change significantly. This acid represents less than 4% of the total organic acids at all germination times. Aconitic acid (2), which represented ~0.8% of the total amount of organic acids in seeds, was found to be the minor compound in the sprouts (~0.1%). Fig. (4) . Changes in individual phenolic compounds of B. oleracea sprouts with germination time. Numbers of panels refer to the number of compounds (see caption of Fig. 1) . * p<0.05, compared with the previous germination time. induction of flavonoid metabolism in the sprouts may be explained by the fact that the available nutrients are being required for the primary metabolism [29] .
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